A non-intrusive and continuous separation technique for suspended particles in a microchannel has been developed by utilizing acoustic radiation force with two ultrasonic transducers. The technique has two major advantages that the acoustic radiation force acts on particles in proportion to particle diameter, and collects particles to the nodal positions of the standing wave field perpendicular to the flow direction. Thus the large size particles have shorter time of transfer to the nodal positions than the small size particles. Particle velocities toward the nodal position within the sound field were measured by particle tracking velocimetry, and both the migration times of particle transfer to the nodal positions and the acoustic radiation force were evaluated from the particle images and velocity data in order to separate particles in the flow field. The ultrasonic transducers with 5 and 2.5 MHz were equipped parallel to the flow direction. Both large and small particles in the aqueous solution were trapped at the nodes of the upstream in 5 MHz sound field, and 2.5 MHz transducer was radiated to move only large particles toward a nodal position of its sound field. The exposure time of 2.5 MHz transducer was determined from the migration times of large and small particles transfer to the nodal positions. It is confirmed that the continuous and selective separation based on particle diameter was accomplished by the present technique.
Introduction
Material separation and dispersion control are significant techniques for product quality enhancement in various fields including engineering, medical science and sitology (1) , (2) .
These techniques are used for pre-processing, sample dilution or extracting impurities. The recent development of microfabrication technology has yielded microfluidic devices (3) , (4), (5) , which allows to possess numerous functions on a single miniature device. The conventional techniques using a centrifugal separation or membrane separation have a number of difficulties in implementing within these miniaturized devices due to their larger apparatus in comparison with the devices. Furthermore, many are contact-type techniques with the subject matter, which may cause the disruption of subject and is difficult to handle samples of very small quantity. Thus a non-intrusive and continuous separation technique is required to implement in microfluidic devices.
A number of non-intrusive techniques such as electrostatic force (6) , (7) , magnetic force (8) , (9) and laser radiation pressure (10) , (11) were applied to microfluidic devices, and the separation technique utilizing acoustic radiation force (2) , (12) gives a significant attention in the recent years due to their possession of numerous unique properties. The acoustic radiation force affects particles in proportional to physical parameters such as particle diameter, density and compressibility, and the force moves particles toward the nodal positions of the standing wave field perpendicular to the flow direction. Our research group developed the non-intrusive and continuous separation technique of particles in a sub-millimeter-order channel by combining the acoustic radiation force and electrostatic force (13) . For further enhancement of the separation efficiency in microfluidic devices, it is expected to develop an innovative separation technique utilizing only acoustic radiation force. The objective of the present work is to develop a particle separation technique utilizing acoustic radiation force. This technique utilizes two ultrasonic transducers with 5 and 2.5 MHz and depends on only physical parameters such as the particle diameter, density and compressibility. So the technique is applicable to various materials in comparison with the technique utilizing the acoustic radiation force and electrostatic force. Two kinds of particles with the different diameters are selected, and both the migration times of particle transfer to the nodal positions and the acoustic radiation force are estimated from the particle velocity data. 5 MHz ultrasonic sound traps both the large and small particles at the nodal positions and subsequently only large particles are moved toward the nodal position of 2.5 MHz sound field, because the 2.5 MHz transducer is radiated at the pulse time to trap only large particles which is determined by the migration times of particles transfer to the nodal positions. 
Principles of Particle Separation Technique

Effect of Acoustic Radiation Force on Particles
When an acoustic standing wave is set up in fluid, particles within the standing wave are affected by acoustic radiation force, F ac (14) . The particles are translated to either nodes or anti-nodes of the standing wave depending on their physical properties relative to the ones of the suspended fluid. Acoustic radiation force is given by:
where r [m] is the particle radius, k [-] is the wave number,
] is the time-averaged acoustic energy density, l [m] is the distance from the nearest node, and A [-] is the acoustic constant factor which is derived from both the particle density and its compressibility (14) . Figure 1 illustrates the schematic of the particle motion affected by the acoustic radiation force within the standing wave. Particles with different diameter are suspended in a channel as shown in Figure 1 (a). Within the standing wave field, nodes with small acoustic pressure amplitude and anti-nodes with large amplitudes exist one after another as represented in Figures 1 (b) and (c). The direction of the force is determined by the sign of A factor of equation 1, a positive A factor results in movement toward a pressure node and a negative in movement toward a pressure anti-node. Generally, solid particles in aqueous solutions are transported to nodes. Furthermore, the acoustic radiation force is proportional to third power of particle radius as described in equation 1. When the acoustic radiation force is constant, firstly large size particles are moved toward the nodes of the sound shorter time than small size particles as exhibited in Figure 1 (b) , and subsequently small size particles are collected at nodes as shown in Figure 1 Figure 2 represents the concept of the present separation technique. Acoustic standing wave fields were generated by using two ultrasonic transducers and a reflector plate, which were placed parallel to each other in the span-wise direction of the channel as illustrated in Figure 2 (a). Both large and small size particles were randomly suspended within in a flow field. The oscillating frequency of ultrasonic transducer at upstream was two times as large as that at downstream, because two and one nodes were generated at the upstream and downstream, respectively. Figure 2 (b) indicated that when entering the upstream sound field, both particles were collected at the two nodes of standing wave because the upstream transducer was constantly radiated. On the other hand, it is observed at the downstream of Figure 2 (c) that large size particles were collected at the node of the downstream sound field and small size particle were kept at the nodal positions of upstream sound field. This is caused by controlling the exposure time of downstream ultrasonic transducer which yields to move only large size particles towards the node, because the acoustic radiation force is proportional to third power of particle radius and the migration time to move large size particles is shorter than that to move small size particles as shown in Figure 1 . Thus it is possible to separate the particles into three threads by setting an appropriate exposure time of downstream transducer. Since the exposure time is determined from the migration time to move particles towards the node, the migration time, t steady , is an important parameter of the present separation technique. The present work defined the following equation as the separable condition of particles:
Concept of Particle Separation Technique
for large size particles 
where Figure 2. Concept of particle separation technique using two ultrasonic transducers.
Evaluation Technique of Acoustic Radiation Force and Migration Time
The conventional measurement technique for the acoustic radiation force such as the hydrophone method are not suitable for measuring within micro-scale field, because they require the insertion of probes and involve sensitive axis alignments for accurate results. In the present work, since it is difficult to directly measure the acoustic radiation force, they were obtained by measuring the particle velocities affected by the acoustic force. Within the Stokes region, the relaxation time of particles, τ p , is given by (15) : Since τ p << τ f , the particle motion is assumed to follow the flow field. In addition, when the volume concentration of particles is less than 2 %, the fluid motion generated by the particle motion is negligible (16) . Thus, the acoustic radiation force described in equation 1 can be equal to the drag force, F d , that particles receive from the fluid. The drag force is provided by:
where u is the particle velocity, as the experiments were performed in a stationary fluid. The effects of gravity and buoyancy can be ignored because the direction of sound is perpendicular to the direction of gravity. The particle velocity was obtained by particle tracking velocimetry (PTV), and the acoustic radiation force was evaluated by substituting the particle velocity to equation 4. Furthermore, particles are separated by trapping at the nodal positions within the acoustic standing wave fields, so that the migration time to move particles towards the nodes, t steady , is an important parameter. The present work evaluated the migration time by using PTV, and defined as the steady-state condition when the averaged span-wise velocity is less than 0.6 µm/s, which is the measurement uncertainty in 95 % confidence level of PTV. Figure 3 shows the schematic diagram of the I-shaped microchannel. The channel is composed of acrylic and glass, and is 300 µm width and 55 mm length with a depth of 1.5 mm. Ultrasonic transducers with oscillating frequency of 5 and 2.5 MHz were equipped perpendicular to the flow direction. The oscillating frequency was set by considering transmission rate of sound, D, through surface boundaries (17) , which is given as:
Experimental Apparatus
Microchannel
where d (= 1 mm) is the thickness of acrylic wall, c is the sound velocity within acrylic, f is the sound frequency, and Z 1 and Z 2 are the acoustic impedance of the materials at the interface. Table 1 compiles the acoustic impedance of each material. The transmission rate between water and glass is 0.23, and the transmission rate between water and acrylic is 0.76, so that the ultrasonic wave oscillated from the transducer penetrates the acrylic wall and fluid in the channel, and is reflected by the glass wall across the channel. The point of origin was set at the center of transducer, and X, Y, and Z-axis were positioned at span-wise, stream-wise and depth-wise direction, respectively. 5 MHz sound field of upstream transducer provides two nodes at x = 75 and x = 225 µm, and the oscillating frequency of 2.5 MHz yields one node at the center of the channel (x = 150 µm). Figure 4 illustrates a schematic of the optical measurement system. A transmitted light by LED lamp (Ohm Electric Inc, LL-10W) was set below the stage and emitted towards the channel to project the shadow of particles. The particle images were captured by the CCD camera (SONY Co., Ltd, XCDL-X710CR, 1024 × 768 pixels, 24 bits, 30 fps) through the 10× magnification objective lens. This set-up corresponds to a measurement area of 433 × 325 µm 2 . Each of the transducers was oscillated at a sinusoidal wave by a function generator (Micronix Co., Ltd, MFG206). Relay switch driven by pulse generator (Quantum Composers Inc, 9300 series) was equipped to the 2.5MHz transducer because of cutting the signal from the function generator at intervals set on the pulse generator. Table 2 lists the properties of the polystyrene particles. Two kinds of particles with 4.0 and 15 µm diameters (Invitrogen Corp., FluoSpheres Sulfate Microspheres) were fluorescent, and the particle with 9.6 µm diameter (Interfacial Dynamics Co., White Sulfate Latex) was non-fluorescent. The particles were suspended in ion-exchanged water and were negatively charged because the particle surface was modified by sulfo groups (−SO 3 H).
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Evaluation of Acoustic Radiation Force Acting on Particles
The aqueous solutions with the particles listed in Table 2 were injected through the channel inlet, and the acoustic radiation forces acting on particles were evaluated by measuring particle velocities in a liquid phase flow and substituting particle velocities to equation 4 . To obtain an equal number of velocity-vectors, 1200, 300 and 210 particle images were captured for 15 µm, 9.6 µm and 4.0 µm diameter particles, respectively. The particle velocities were averaged by 5 pixel intervals along X-axis. Figure 5 indicates the relationship between the voltage applied to transducers and the effective value of acoustic radiation force acting on 4.0 µm diameter particles in the sound field of 5 MHz. It is obvious that the acoustic radiation force is proportional to square of the applied voltage, because the voltage is proportional to the sound pressure, and the time-averaged acoustic energy density described in equation 1 is proportional to square of the sound pressure. For utilizing the large acoustic radiation force, the voltage applied to transducers was set at 30 V pp , which is the maximum voltage to apply to the transducers used in the present work.
The effect of the nonuniform particle number density on the acoustic radiation force was investigated, because the particles were moved toward nodes within sound fields. Figure 6 exhibits the profiles of the acoustic radiation force acting on 4.0 µm diameter particles in the sound field of 5 MHz. This experiment was performed under the condition of the particle volume concentration of 0.005 %, 0.010%, 0.020 % and 0.050 %. The result indicates that the acoustic radiation forces at all volume concentrations showed a good agreement, so that the effect of the nonuniform particle number density on the acoustic radiation force can be ignored. For further investigation of the acoustic radiation force affected by the oscillating frequency of transducers, the forces for each particle in sound fields of 5 MHz and 2.5 MHz were evaluated as shown in Figure 7 . At both sound fields, the force increases with an increase of the particle diameter. It is observed that the force distributes the sinusoidal pattern with twice of the oscillating frequency, and nodes are created at x = 75 µm and 225 µm for 5 MHz sound field and x = 150 µm for 2.5 MHz sound field. Figure 8 shows the relationship between the oscillating frequency of transducers and the acoustic radiation forces which were obtained from the effective value of the force as shown in Figure 7 . The error bars indicate the standard deviation, and the error bars of 5 MHz overlapped those of 2.5 MHz. It is found that the acoustic radiation forces in the sound field of 5 MHz almost agreed with those of 2.5 MHz, so that the forces are not influenced by varying the oscillating frequency of transducers in the present experimental condition.
Evaluation of Migration Time of Particles
In the present technique, particles are selectively separated by using the difference of migration time to move towards the node of 2.5 MHz standing wave. Migration time of particles from nodal positions of 5 MHz standing wave to nodal position of 2.5 MHz was evaluated by PTV. Instantaneous images of 15 µm diameter particles in 2.5 MHz standing wave were presented in Figure 9 , and black circles indicate particles. The present work defined as t = 0 s, when the acoustic radiation force of 2.5 MHz standing wave was applied to the channel as shown in Figure 9 (a). When the span-wise velocity becomes less than 0.6 µm/s as shown in Figure 9 (b), the particles were assumed to be steady-state. Figures 10 (a) , (b) and (c) give profiles of brightness intensity of 4.0 µm, 9.6 µm and 15 µm diameter particles, respectively, which were obtained after each 10 iterative measurements. Black and white circles indicate brightness intensity when applying the acoustic radiation force by the sound field of 2.5 MHz and when reaching the migration time to move particles towards the nodes, respectively. Figure 11 summarizes the migration time in terms of particle diameter, and exhibits that the migration time of 15 µm and 9.6 µm is approximately fifth part of that 
Demonstration of Particle Separation
For the application of the present separation technique, the flow field was formed by injecting the aqueous solutions in the I-shaped channel as shown in Figure 3 . The experiments were performed under two conditions, that is, a flow with 15 µm and 4.0 µm diameter particles and a flow with 9.6 µm and 4.0 µm diameter particles. Bulk velocities, v, were set at 750 µm/s, 450 µm/s, 250 µm/s and 100 µm/s by a pressure-driven flow which was generated by the difference of the water surface in both reservoirs, and the Reynolds number, Re, were 0.37, 0.22, 0.12 and 0.05, based on the hydraulic diameter of 0.5 mm, respectively. The parameters in equation 2 were set below. The length of downstream transducer, Y l , is 11 mm, and the exposure time, t ex , and time cycle of the exposure of the downstream transducer, t per , are 0.1 s and 1 s, respectively. The bulk velocity of 750 µm/s, 450 µm/s and 250 µm/s qualifies as the separable condition as described in equation 2, and that of 100 µm/s does not qualify. Figure 12 shows the spatial distributions of particles, which were obtained after each 10 iterative measurements and located at the center of 2. Figures 12 (a) which qualifies as the separable condition, large particles were collected at the nodal position of 2.5 MHz sound field and small particles were existed at the nodes of 5 MHz, and the particle separation by size was successful. On the other hand, the experiments with 100 µm/s show that both large and small particles were accumulated at the span-wise position from 100 µm to 200 µm. Thus, it is obvious that the particle separation utilizing the acoustic radiation force with two ultrasonic transducers is realized by evaluating the migration time of particles as shown in Figure 11 and qualifying the separable condition of equation 2.
Conclusions
A novel non-intrusive and continuous separation technique for suspended particles in a microchannel was proposed for the application to the microfluidic device. The technique utilizes the acoustic radiation force with 5 MHz and 2.5 MHz ultrasonic transducers, which were equipped at upstream and downstream, respectively. The acoustic radiation force acts on particles in proportion to third power of particle radius and moves particles towards the node of standing wave field. So that the large size particles have short migration time of transfer to the nodal positions in comparison with the small size particles. The originalities of the present work are that the acoustic radiation force and migration time are quantitatively evaluated, and the particle separation is realized by using the difference of migration time to move towards the node of standing wave field. The important conclusions obtained from this work are summarized below.
(1) The effect of the particle number density on the acoustic radiation force was investigated, and the result indicates that the nonuniform particle number density does not affect the acoustic radiation force. Furthermore, it is found that the acoustic radiation force is not influenced by varying the oscillating frequency of transducers.
(2) The migration times of particles transfer to the nodal positions in the standing wave were evaluated by using the PTV measurement. The result indicates that the migration time of large particles is approximately fifth part of that of small particles. The condition of particle separation was derived from the relationship between their difference of migration time and the bulk flow velocity.
(3) The proposed technique was applied to a flow field with large and small size particles. In the case of qualifying as the separable condition, small size particle were trapped at the nodal position of upstream transducer, and large size particles were moved at the nodal position of downstream transducer. However, when the separable condition was not qualified, both large and small size particles were collected at the center of channel. The particle separation utilizing the acoustic radiation force is advanced by evaluating the migration time of particles quantitatively.
